INTRODUCTION
were subjected to the assay. Control stimulus (500µl of distilled water) was introduced 252 into the tank following the first 5 mins using a plastic dropper. After a period of 10 mins, 253 test stimulus (500 µl of the alarm pheromone extract) was added. The fish were 254 evaluated for their response to the alarm pheromone for 10 minutes. The assay was 255 video recorded (Sony Handycam DCR SR20) and analyzed using an automated video 256 tracking system (Ethovision XT version 8.0; Noldus) . 257 Darting was defined as rapid swimming with increased reversal frequency and 258 swimming velocities at least 2.5 times higher than those recorded in the first 5 mins of 259 observation. Freezing was defined as a period of complete immobility, typically at 260 bottom of the tank for at least 5 seconds. 262 The intensity of NPY immunoreactivity in the olfactory bulb was measured using Image 263 Pro Plus 7.1 software (Media Cybernetics). Briefly, the precise volume measurements 264 of the bulb were made in the 3D constructor using interactive thresholding. The For whole-mount RNA in situ hybridization (ISH) experiment adult fish were starved for 282 three days and anesthetized followed by the removal of the dorsal cranium and 283 immersion in 4% paraformaldehyde (for 14-16 hours at 4 0 C), olfactory rosettes were 284 dissected out, washed in phosphate buffered saline (PBS), and stored in 100% 285 methanol at -20°C overnight. ISH was carried out as described earlier (Akash et al., Applied Sciences) and then incubated overnight at 4 0 C with sheep anti-DIG alkaline 300 phosphatase conjugated antibody (1:2,000; Roche Applied Sciences). Sections were 301 washed thrice with PTW buffer and twice with coloration buffer (100 mM Tris-HCl, pH 302 9.5, 50 mM MgCl2, 100 mM NaCl, 0.1% Tween 20, 2 mM Levamisole). DIG-labeled 303 probes were detected using pre-warmed BM purple solution (Roche). The reaction was 304 continuously monitored at 37 0 C for 30 min to 2 h or overnight at 4 0 C depending on the 305 strength of the signal. The reaction was stopped by washing three times with PTW 306 buffer. The sections were then mounted in 70% glycerol and were either processed for 307 imaging or stored at 4 0 C. DIC photomicrographs were taken with an upright microscope 308 (Axioimager Z1, Carl Zeiss).
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Quantification of NPY fluorescence intensity and cell count analysis
309
Statistical analysis
assay, the preference index for each group is represented as boxes and whiskers; the 313 box ranges from the 25 th percentile to the 75 th percentile and the whiskers represent the 314 minimum and maximum values of the group. The horizontal line in the box denotes the 315 median. The medians of the preference indices, before and after the odorant 316 stimulation, were tested for significant deviation from 0 using Wilcoxon signed-rank test.
317
The effect of energy status on amino acid sensitivity in the OSNs and the amino acid 318 dose response on animals with different energy states was compared using Two-way 319 ANOVA followed by Bonferroni's post-hoc test. The confidence limit for statistical 320 significance in all the analyses was p< 0.05.
Whole mount immunofluorescence analysis of the intact olfactory epithelium (OE) and 325 olfactory bulb (OB) of adult zebrafish with antibodies against NPY and the pre-synaptic 326 marker SV2 (synaptic vesicle transmembrane proteoglycan 2) revealed two sources of 327 NPY in the peripheral olfactory circuitry. First, a subset of the olfactory sensory neurons 328 (OSNs) with NPY fiber projections over the olfactory nerve to the bulb, finally 329 terminating as glomeruli in the OB (Figures 1A, B ). The second source of NPY was the 330 terminal nerve (TN). TN soma and their axonal projections innervating the OE as well as 331 the extrabulbar telencephalic regions, showed extensive NPY expression ( Figure 1A) . Figure 1F ).
342
NPY signalling via the NPY Y1 receptor (Y1R) has been implicated in regulating food 343 intake in multiple species (Mercer et al., 2011; Nguyen et al., 2012; Yokobori et al., 344 2012). Further, Y1R mediates olfactory processing in rodents (Negroni et al., 2012) . 345 mRNA in situ hybridization using antisense probe against Y1R mRNA showed intense 346 signal in subpopulations of OSNs (Fig 1G upper panel) while the sense probe controls 347 did not produce any reaction (Fig 1G lower panel) . 348 These data demonstrate that NPY and the NPY Y1 receptor is expressed in the 349 peripheral olfactory circuitry of zebrafish.
350
Energy status-dependent expression of NPY in the olfactory system
NPY promotes hunger and increases food intake across vertebrate phyla, including 352 zebrafish and its expression is elevated in multiple neuronal regions upon fasting (Clark 353 et al., 1987; Marks et al., 1992; Volkoff et al., 2005; Yokobori et al., 2012) . Fed (free 354 feeding on an excess of food 30 mins prior to sacrifice; mock icv injection), starved (for Figure 2N , p<0.0001 and Figure 2O , p<0.0001).
370
These results indicate that NPY expression levels in the olfactory epithelia and bulb 371 reflect the prevailing energy status in the brain. 373 
372
Nutritional state-dependent olfactory perception of amino acids is mediated by
NPY Y1 receptor signalling 374
Energy state-dependent NPY expression and availability of NPY-receptors in the 375 peripheral olfactory circuitry of zebrafish could be indicative of a role for NPY signalling 376 in nutritional state dependent olfactory processing. We evaluated olfactory responses of 377 fed and starved adult zebrafish in an odorant preference assay using a mixture of amino 378 acids, a major food-associated attractive odorant cue in fish ( Figure 3A) . The percent 379 time spent in the odorant half by starved animals was more in the post-odorant period 380 compared to the pre-odorant stimulation period and was reflected in the statistically significant increase in the preference index (PI) for the baited side ( Figure 3C , p= 382 0.0156). However, fed animals displayed no difference in PI between the pre-and post-383 stimulation periods ( Figure 3B ).
384
To test the role of NPY signalling in olfaction, we evaluated odorant preference 385 behaviour of starved fish (high NPY expression in OE and OB) while abrogating NPY 386 signalling through the NPY Y1 receptor (Y1R; the major receptor associated with NPY-phospholipase C activity and opening of the diacylglycerol (DAG) -gated TrpC2 471 channels resulting in OSN activation (Lucas et al., 2003; Sato et al., 2005; Koide et al., 472 2009; Sansone et al., 2014) . To test if amino acid mediated activation of OSNs in 473 zebrafish was limited to the microvillar OSNs, we directly evaluated OSN activation by 474 monitoring ERK1/2 phosphorylation (pERK). We found that OSNs activated by amino 475 acid stimulation, as revealed by ERK activity, exclusively co-localized with TrpC 476 expressing OSNs (Figure 5A-C) . 477 We next tested if prevailing energy states directly modulated OSN activation by amino 478 acids. Fed and starved zebrafish were stimulated with amino acid or distilled water and 479 OSN activation was evaluated by scoring for pERK signal. A small increase in the 480 number of activated OSNs was observed in fed fish stimulated with amino acids 481 compared to controls ( Figure 5D ). However, a significantly larger response was seen 482 upon amino acid stimulation of starved zebrafish suggesting increased OSN sensitivity 483 to odorants in these animals ( Figure 5D ). Two-way ANOVA revealed a statistically 484 significant interaction between the high NPY signalling (starvation) and V2R activation 
491
To directly test the role of NPY in OSN activation, we used the NPY Y1R antagonist in OSN activation by amino acid compared to distilled water stimulation in BIBP treated 501 fish), increase in NPY signalling alone was not enough to change OSN activation above 502 baseline (no difference between distilled water stimulated BIBP and vehicle 503 administered fish).
504
To test if NPY signalling was sufficient to restore OSN sensitivity to amino acid 505 stimulation, we evaluated OSN activity (pERK-ir) in fish where endogenous NPY Figure 6 
